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SUPPLEMENTARY TEXT
A. Initiation of filament bundling by an elastic membrane
To estimate membrane-mediated forces between protruding filaments, we consider a model system consisting of an elastic sheet and two filaments in the geometry illustrated in Figure s1 . The energy of the membrane is given by the standard Helfrich expression s1 ( )
where σ is the surface tension, κ the bending rigidity, and H the mean curvature. The integral extends over the two-dimensional surface of the elastic sheet. We choose σ = 0.005 k B T/nm 2 and κ = 20 k B T for the elastic constants s2 . Note that this energy doesn't include pressure terms: this is because not only are the pressure differences between the inside and the outside of the vesicles very small, but the volume of the deformations we are looking at (and of filopodia in general), are very small compared to their membrane area, making the effect of pressure on these deformations negligible, and vice versa.
Actin filaments are represented as worm-like chains, whose mechanics have been shown to accurately reproduce the elastic properties of actin filaments s3 . The energy of a simple worm-like chain is ds ds
where s is the arc length along the filament ) (s r r , L is the fixed contour length of the filament, and k B T the unit of thermal energy. The persistence length L p parameterizes the rigidity of the polymer. We chose L p = 15 µm for our calculations.
The coupling between the membrane and the filaments is introduced through geometric constraints, as sketched in Figure s1 . The boundary of the membrane, a circle of diameter R ring = 1 µm, is pinned at a constant base height. Protrusions are introduced by fixing the membrane height at a value L prot above its base height at 2 points, separated by a distance d. We find the minimum energy configuration of the constituent parts that is compatible with these constraints. The membrane configuration is optimized using the Surface Evolver computer software s4 . Filament geometry is determined by lateral deflection x, filament length L, and separation of filaments at their bases D. Together, the total energy of the system can be written as
The geometric parameters shown in Figure s1 are related by d = D − 2x and L prot = L − L 0 − y(x, L). For fixed values of L, D, and L 0 , we minimize the energy of the system with respect to d and consider the stable state to be that of two merged filaments if the most favorable value of d is less than 10 nm (the thickness of a single filament).
NPHYS-2008-01-00006B
The largest possible lateral deflection that can be obtained in this geometry is 2L/π, corresponding to a filament deformed into the shape of a quarter circle. Thus it is impossible to merge two filaments if their base distance D is greater than 4L/π for purely geometric reasons. Figure s1 . Schematic view of the geometry considered in the calculation. Two filaments (red) of fixed contour length L interact with an elastic membrane (green). The filaments are anchored at a depth L 0 below and normal to the membrane at a separation D, which for straight filaments would cause a membrane perturbation of length L prot = L − L 0 . However, the filaments can bend into segments of constant curvature, thus deflecting the tip laterally by x and reducing the protrusion length L prot accordingly by the length y.
Thus the membrane has to accommodate two protrusions of height L prot with a spacing of d = D − 2x.
B. Membrane tension dependence on membrane-induced bundling
Here we describe the effect of membrane tension σ on the range of lateral attraction between isolated actin filaments. If the typical protrusion length of individual filaments were determined solely by the competition of membrane rigidity and polymerization force, then the range of attraction would be largely independent of σ. Lowering membrane tension would certainly yield greater protrusion lengths, but the efficacy of membrane-induced bundling would be concomitantly reduced, leaving the range of attraction unchanged.
The protrusion length of a single filament may also be limited by the average distance between a filament's branch points. This limit depends on the concentration of branchfacilitating proteins, and is insensitive to changes in membrane tension. It is largely irrelevant at high σ, where membrane resistance is severe. At low tension, however, it can serve as the fundamental limit on typical protrusion length and therefore on the range of membrane-mediated attraction ( Fig. s2 ).
Figure s2
. Effect of membrane tension on the range of attraction between two filament protrusions. The balance of polymerization force and membrane rigidity results in a tension-dependent protrusion length , which increases with decreasing tension . The range over which the membrane can effectively bundle protrusions of such lengths is largely independent of tension. Typical lengths of single filament protrusions can alternatively be limited to a value by the spacing between filament branches.
This limit is likely unimportant at high σ, but at sufficiently low membrane tension it can decrease the range of attraction considerably. In this plot, the blue curve represents a membrane tension of 0.005 k
T/nm 2 , and the red curve represents a membrane tension of 0.02 k B T/nm 2 . The kinetic limit of filament length due to branching leads to a decrease in the range of attraction for low membrane tension, reducing its accessible region from light blue to dark blue.
To test the effect of membrane tension on filament bundling, we performed a blind experiment varying solution osmolality. Our results showed a lower frequency of filopodium-like structures in hyperosmotic solution (low σ), while the frequency of filopodium-like structures is weakly tension-dependent in hyperosmotic solution (high σ), as illustrated in Figure s3 . This observation is consistent with our hypothesis that bundling of filaments is largely tension-independent at high membrane tension, but becomes less effective at low membrane tension. Figure s3 . Frequency of parallel filament protrusions in solutions with different osmolality. We randomly sampled vesicles with actin networks assembled in a blind experiment and quantified the fraction of the vesicles that had filopodium-like structures (N represents the number of samples tested, where ~ 25 vesicles were counted in each sample; error bars represent s.e.m.). Student's t-test was used to calculate p-values: * p = 0.159. ** p = 0.048.
C. Stability against Euler buckling
Classical Euler buckling
Here we examine the stability of a filopodium to collapse under membrane tension. Classical Euler buckling, which we first summarize in the context of bundled filaments, will serve as a reference scenario in our analysis.
Consider a filament bundle of length L subject to an external compressive force f comp along the vector separating its endpoints. In this primitive first analysis we focus exclusively on mechanical response of the bundle. As such, we attempt neither to describe membrane elasticity nor to specify the physical origin of compressive force. Bending deformation of the filament bundle is characterized by lateral displacement ) (s r x r at every distance s along its contour. Assuming a sinusoidal form, with one fixed and one free endpoint,
where a quantifies the amplitude of response. For our stability analysis, it is sufficient to consider small amplitudes where 1 << L a
. In this bent configuration the semi-flexible filament bundle, whose combined effective persistence length we denote L p , has an internal energy
above the undeformed configuration.
The external potential of compression offsets this energetic penalty by
The sign of change in total energy, comp bend tot
, determines whether deformation on a given amplitude will occur spontaneously. Summing equations (5) and (6), we obtain , the filament buckles.
At this force, the bent state of the filament is more favorable at any deformation amplitude a, and the filament buckles.
In the following two sections we consider the possible roles of membrane in this scenario when the semiflexible filament bundle is enclosed by a membrane tube. We do so for two different membrane configurations, corresponding to Figures s4b and s4c.
Case I: The membrane tube shortens as the filament buckles
In the hypothetical membrane deformation, shown in Figure s4b , the membrane retains its straight cylindrical shape, and in effect interacting with the bundle only at its tip. The energy associated with the membrane tube is linearly proportional to the membrane length L mem mem mem mem
where f mem = πκ/R + 2πRσ. 
Comparing with equation (6), we see that in this case the membrane acts solely as a source of compressive force. The change in total energy thus has a form similar to equation (7 undergo classical Euler buckling (instability to compression at all amplitudes). Closer scrutiny of the filopodium geometry, however, reveals that configurations of the membrane tubule and filament bundle are incompatible in this configuration. Specifically, without deforming laterally the membrane tube would be penetrated by the bent filament bundle, as illustrated in Figure s4b .
Case II: The membrane tube remains the same length as the filament buckles
In a physically sensible configuration the membrane would adapt to the bent bundle's shape. Specifically, for small displacement of a long protrusion, the membrane sheath deforms together with the filaments it surrounds, as sketched in Figure s4c . As a result of this constraint, contour length of the tube's axis is not diminished by bending the filament bundle. Surface area of the membrane tube is thus essentially unchanged, providing no energetic reward for bending. In fact the membrane's energy can only increase due to bending. Without an energetically advantageous membrane response, filopodium compression is expressly unfavorable, We thus predict stability of even very long filopodia to small longitudinal deformations. Interestingly, the membrane in this case acts to stabilize against buckling while still compressing the filament along its contour. It should also be stressed that this stability against buckling is simply due to the fact that the driving force that normally leads to buckling is absent here: it is not the result of an inherent property of the filament bundle.
In this argument we have assumed that the filopodium diameter R is small compared to its length. If space were available for substantial rearrangement of the filament bundle inside the membrane, it would be important to consider other possible modes of collapse. An analysis of such modes, which is beyond the scope of this manuscript, indicates that filopodia longer than a few tube diameters should be stable to compression. 
D. Growth dynamics of parallel filament protrusions
We used the model developed by Mogilner and Rubinstein to fit our data for growth of mature filopodium-like structures. For a complete description of the model, please refer to their work s5 .
Two minor changes were made to the model to satisfy the experimental conditions of our system: (1) the lamellipodial velocity was set to zero, and (2) the actin concentration at the base of the filopodium was time dependent. The first assumption greatly simplified the analysis, yielding the following analytic expression for filopodium length, L mem (t), as a function of time.
Here f mem is the membrane resistance force, δ = 2.7 nm is the increase in filament length from addition of an actin monomer, N is the number of filaments in the filopodium, and c 0 (t) is the time dependent concentration of actin at the base of the filopodium, which we assume is equal to the actin concentration in the rest of the sample.
We measured the time dependent concentration of G-actin in the sample using a quantitative fluorescence technique. Time lapse fluorescence images of the growing dendritic network were taken concurrently with phase images of the filopodium. The dimensionless concentration of free G-actin monomers in the sample was then calculated from the normalized total fluorescence, I(t)/I(∞), of the polymerizing network, which was corrected for photobleaching and background fluorescence (Fig. s5 ). We found the best fit of L mem (t) to experimental data using a 3 pN polymerization force per filament (Fig. s6 ), This value is consistent with the force generated by single filament polymerization s6 . Taking a common value of 20 pN for the membrane resistance s2 our result suggests that approximately 10 polymerizing filaments drive the growth of the filopodium-like membrane protrusions. 
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E. Linescan analysis of Arp2/3 and NWASP within parallel filament protrusions
Analysis of fluorescently-labeled N-WASP showed that it was uniformly distributed along the length of parallel filament protrusions (data not shown), as was fluorescentlylabeled Arp2/3 complex. Despite the presence of both N-WASP and Arp2/3 along the parallel filament protrusion, no side branches were visible with light microscopy. A control experiment (data not shown) confirmed that Arp2/3 localized to the membrane surface in the presence of PIP 2 lipids, Cdc42 and N-WASP and in the absence of actin, indicating that it does not necessarily report the presence of branches. Furthermore, the observed distribution of capping protein along the filopodium-like structures suggested that monomer addition occurred primarily at its tip (Fig. 1c) , inconsistent with significant side-branching along the protrusion. Figure 1a . 95% EggPC, 5% DOGS-NiNTA GUVs, pre-incubated in 4 µM NWASP and 100nM C 5 C 8 BODIPY, added to actin polymerization buffer with 1mM ATP and final protein concentration of 160nM Arp2/3 complex, 7.5µM actin, 1µΜ AF555 actin. Figure 1b ,c. Same as Figure 1a , but 300 nM AF488 capping protein added after 30min. Figure 1d . 23% DOPC, 46% DPPC, 30% cholesterol, 0.4% Fluo-DOPE, 0.6% BODIPY TMR PIP 2 GUVs, pre-incubated in 4 µM NWASP, added to actin polymerization buffer with 1mM ATP and final protein concentration of 160 nM Arp2/3 complex and 7.5 µM actin. Figure 2 . 75% Egg PC, 20% DOPS, 5% brain PIP 2 GUVs, preincubated in 4 µM NWASP, 0.75 µM Cdc42/RhoGDI complex, 0.18 µM DHPH, and 0.5 µM GTPγS, added to actin polymerization buffer with 1mM ATP and final protein concentrations of 160 nM Arp2/3 complex, 7.5µM actin, 1µΜ AF488 actin.
F. Fluorescence recovery of photobleaching of actin along a parallel filament protrusion
G. Conditions for experiments shown in figures
